Abstract: Complexes of Cu(II), Ni(II), Co(II) with the 9-anthraldehyde isonicotinoyl hydrazone ligand (HL 1 ) and the 3,5-di-tert-butyl-4-hydroxybenzaldehyde isonicotinoyl hydrazone ligand (H 2 L 2 ) were synthesized by the template method. The complexes were characterized by analytical analysis, IR, UV-Vis and ESR spectroscopy, magnetic measurements, conductometry and thermal analysis and the two ligands by 1 H-NMR spectroscopy. From the elemental analysis, 1:2 (metal:ligand) stoichiometry for the complexes of Cu(II), Ni(II) with the ligands HL 1 and H 2 L 2 and 1:1 (metal:ligand) stoichiometry for the complex of Co(II) with the ligand HL 1 are proposed. The molar conductance data showed that the complexes are non-electrolytes. The magnetic susceptibility results coupled with the electronic and ESR spectra suggested a distorted octahedral geometry for the complexes Ni(II)/HL 1 , Ni(II)/H 2 L 2 and Cu(II)/H 2 L 2 , a tetrahedral stereochemistry for the complex Cu/HL 1 and a square-planar geometry for the complex Co/HL 1 . The IR spectra demonstrated the bidentate coordination of the ligands HL 1 and H 2 L 2 by the O=C amide oxygen and the azomethine nitrogen, as well as monodentate coordination of the ligand HL 1 by the azomethine nitrogen in the Cu(II)complex. The antibacterial activity of the ligands and their metallic complexes were tested against Staphylococcus aureus, Escherichia coli and Klebsiella pneumoniae.
INTRODUCTION
Hydrazone ligands and their complexes with different transition metal ions have been thoroughly studied due to their biological activity. [1] [2] [3] The aroylhydrazones contain in their structure the -CO-NH-N=C< group that imparts on these chelating agents fungicidal, 4 antibacterial, 5 antiparasital 6 and anticancerous 7 properties. The complexes of Ni(II), Mn(II) with 6-methylpyridine 2-carboxaldehyde isonicotinoyl hydrazone exhibit antituberculosis activity. 8 The parameters of the chemical structure, and the physical and electronic characteristics of the ligands are determining factors in the manifestation of bioactivity. In continuation of ongoing studies 9 on complexes with ligands of the isonicotinoylhydrazone class, the synthesis and study of new mixed-ligand complexes of Cu(II), Ni(II) and Co(II) with such ligands are presented in this paper.
EXPERIMENTAL
All the employed reagents and solvents were of AR grade and were used without further purification. The M and Cl contents were obtained by literature methods 10 and C, H and N were determined with a Hewlett Packard 185 CHN-analyzer. The molar conductivity of the complexes was measured with a HACH-sens ion 5-conductivity meter using 10 -3 M solutions in DMF. The IR spectra were recorded between 4000-400 cm -1 on a BIORAD-FT-IR 135 FTS spectrophotometer using the KBr disc technique. The electronic reflectance spectra (300--1100 nm) were obtained on a VSU-2P Zeiss-Jena spectrophotometer using MgO as the standard. The ESR spectra for the Cu(II) complexes were registered at room temperature (293 K) on a microcrystalline powder with an ART5 spectrophotometer. The magnetic moments were determined by the Faraday method at the room temperature. The 1 H-and 13 C-NMR spectra were recorded on a Varian Gemini 300BB instrument in DMSO-d 6 . The thermal analysis was realized with an MOM-Q-1500D derivatograph in air at a heating rate of 5 °C min -1 .
Synthesis
A solution of 0.0010 mol of isonicotinoylhydrazine and 0.0010 mol of aldehyde (9-anthraldehyde or 3,5-di-tert-butyl-4-hydroxybenzaldehyde) in 75 ml of methanol was refluxed for 5 h on a water bath. Subsequently, reaction mixture was concentrated. The precipitate was filtered and recrystallized from ethanol.
A methanolic solution of anhydrous metal chloride MCl 2 (M = Cu(II), Co(II) or Ni(II)) (0.0010 mol in 30 ml of MeOH) was added to a mixture of isonicotinoylhydrazine (0.0020 mol in 30 ml of MeOH) and aldehyde (9-anthraldehyde or 3,5-di-tert-butyl-4-hydroxybenzaldehyde, 0.0020 mol in 75 ml of MeOH). The reaction mixture was refluxed on a water-bath for 4 h after which a part of the solvent was removed by distillation. The precipitated complexes were filtered off, washed with MeOH and then with diethyl ether and finally dried under vacuum over anhydrous CaCl 2 .
Antibacterial activity
The metal complexes and the free isonicotinoylhydrazone ligands were tested for their activity against the pathogenic strains of bacteria: Staphylococcus aureus (Gram-(+)), Escherichia coli (Gram-(-)) and Klebsiella pneumoniae (Gram-(-)).The paper disc diffusion method 11 was applied using DMF as the solvent (the concentration was 125 μg ml -1 The signal of the azomethine proton (-N=CH-) at δ 9.68 or 8.40 ppm in the 1 H-NMR spectrum, as well as the peak at δ 148.38 or 149.31 ppm, assigned to the azomethine carbon in the 13 C-NMR spectrum, sustain the formation of the isonicotinoylhydrazone ligands.
IR spectroscopy
The characteristic frequencies for ligands HL 1 , H 2 L 2 and their complexes are presented in Table II . In the IR spectrum of the 9-anthraldehyde isonicotinoyl hydrazone ligand (HL 1 ), the amide I band, ν(C=O), was present at 1656 cm -1 , 12 and the absorption at 1597 cm -1 is ascribed to the ν(C=N) vibration, which is specific for the azomethine group. 13 The low intensity band at 602 cm -1 corresponds to the in-plane "β" deformation vibration for the pyridine ring. 14 The amide I valence vibration shifted to lower values in the Ni(II) and Co(II) complexes but it exhibited a positive shift in the Cu(II) complex, which support the coordination of only the O=C amide oxygen to the Ni(II) and Co(II) ions. 15 The absorption of the ν(C=N) azomethine group for all the complexes was situated at lower wave numbers than the value for the free ligand, consequently confirming the coordination of the azomethine nitrogen atom to the Cu(II), Ni(II) and Co(II) ions. 16 The "β" deformation vibration corresponding to the pyridine ring did not suffer significant shifts in the spectra of complexes, suggesting that the nitrogen from the pyridine ring does not participate in the coordination. 17 The coordination of the azomethine nitrogen of the HL 1 ligand to the Cu(II), Ni(II) and Co(II) ions was also proved by the ν(M-N) vibrations appearing in the range 485-419 cm -1 , 18 which were absent in the spectrum of the ligand. The IR spectrum of the 3,5-di-tert-butyl-4-hydroxybenzaldehyde isonicotinoyl hydrazone ligand (H 2 L 2 ) had an absorption band at 3401 cm -1 , attributed to the ν(OH) valence vibration in the phenolic group. The amide I ν(C=O) vibration was situated at 1644 cm -1 and the band at 1593 cm -1 corresponds to the ν(C=N) vibration in the azomethine group. The weak band at 590 cm -1 represents the in-plane "β" deformation vibration for the pyridine ring. In the spectra of the Cu(II) and Ni(II) complexes with the H 2 L 2 ligand, the intense band at 3260 or 3205 cm -1 is attributed to the lattice water present in these complexes. 19 The ν(OH) valence vibration of the phenolic group appears in the spectra of the Cu(II) and Ni(II) complexes at 3392 and 3386 cm -1 , respectively, which reveals that the phenolic group is not deprotonated and is not coordinated to the metal ions. The amide I band and the azomethine vibration band suffered negative shifts in the spectra of the Cu(II) and Ni(II) complexes, suggesting the H 2 L 2 ligand coordinated to the Cu(II) and Ni(II) ions via the O=C amide oxygen and azomethine nitrogen atoms. The band of the "β" deformation mode of the pyridine ring suffered shifts to lower values in comparison with that from the free ligand, meaning that the pyridine nitrogen did not participate in the coordination. The coordination of the H 2 L 2 ligand to the Cu(II) and Ni(II) ions by the azomethine nitrogen is also supported by the ν(M-N) vibration, appearing at 498 or 476 cm -1 , which was not found in the spectrum of the ligand.
Electronic and ESR spectra
In its electronic spectrum, the INHAA (HL 1 ) ligand presents an intense band at 25575 cm -1 , which can be assigned to a n → π* transition. In the spectra of the complexes, this transition shifts to lower values, with Δν 1766-884 cm -1 , indicating coordination of the ligand to the metal ions. The electronic spectrum of the INHDBHB (H 2 L 2 ) ligand presents an absorption maximum at 27624 cm -1 due to a n → π* transition in the C=O and C=N chromophoric groups. This transition was found in the spectra of the complexes but shifted to lower frequencies, indicating coordination of the ligand to the metal ions. Information regarding the geometry of the complexes was obtained from the electronic spectra and from the values of the magnetic moments.
The [Cu(HL 1 ) 2 Cl 2 ] complex presents in its reflectance spectrum a wide band at 12820 cm -1 characteristic of the 2 T 2 → 2 E transition, being specific for a Cu(II) ion in a tetrahedral environment. The value of the magnetic moment of 2.16 μ B supports the proposed geometry. 20 The electronic spectrum of the [Ni(HL 1 ) 2 Cl 2 ] complex contains two absorption bands at 15948 and 10288 cm -1 , corresponding to the 3 A 2g → 3 T 1g (F) (ν 2 ) and 3 A 2g → 3 T 2g (F) (ν 1 ) transitions, respectively. These transitions suggest an octahedral stereochemistry for the Ni(II) ion, which is in accordance with the magnetic moment value of 3.31 μ B . 21 The ratio ν 2 /ν 1 is 1.55, which is within the range for octahedral complexes of Ni(II). For this complex, the following parameters 10 Dq, B and β were obtained by calculation: 10 Dq = 10280 cm -1 , B = = 679 cm -1 , β = 0.65. The obtained value of the β parameter indicates a moderate to intense covalent character for the metal-ligands bonds.
In the reflectance spectrum of the [Co(HL 1 )Cl 2 ] complex, the two absorption bands at 21052 cm -1 and 16129 cm -1 were assigned to the 2 A 1g → 2 E g and 2 A 1g → 2 B 2g , respectively. They are characteristic for square-planar stereochemistry of the Co(II) ion. The magnetic moment of 2.18 μ B supports this geometry for the low-spin Co(II). 22 The electronic spectrum of the [Cu(H 2 L 2 ) 2 Cl 2 ]⋅2H 2 O complex contains a wide band situated at approximately 15350 cm -1 . This band is characteristic for a Cu(II) ion with tetragonally distorted octahedral stereochemistry and can be assigned to the 2 E g → 2 T 2g transition. 23 The magnetic moment of 1.85 μ B suggests a monomeric octahedral geometry.
For the [Ni(H 2 L 2 ) 2 Cl 2 ]⋅4H 2 O complex, two absorption bands at 15873 and 10256 cm -1 were registered in the electronic spectrum. These bands can be assigned to the 3 A 2g → 3 T 1g (F) (ν 2 ) and 3 A 2g → 3 T 2g (F) (ν 1 ) transitions and are specific for the Ni(II) ion in octahedral coordination, which was also confirmed by the magnetic moment of 3.29 μ B . The ratio ν 2 /ν 1 is 1.54, which is within the range found for Ni(II) octahedral complexes. The absorption band associated with the 3 A 2g → 3 T 1g (P) (ν 3 ) transition is covered by the much higher intensity n → π* transition characteristic of the ligand. For this complex, the following 10 Dq, B and β parameters were determined: 10 Dq = 10256 cm -1 , B = 671 cm -1 , β = 0.66. The value of the β parameter indicates a moderate to intense covalent character for the metal-ligands bonds.
The ESR spectrum of a polycrystalline sample of the [Cu(HL 1 ) 2 Cl 2 ] complex was recorded at room temperature. This complex exhibited a broad and intense slightly anisotropic signal, assigned to the Cu(II) ion in a slightly distorted tetrahedral environment. 24 The extremely high intensity of the ESR signal indicates a monomeric structure for the complex.
The ESR spectrum of the [Cu(H 2 L 2 ) 2 Cl 2 ].2H 2 O complex was recorded on microcrystalline powder at room temperature. The high intensity of the signal confirms the monomeric molecular formula. An axial signal with two "g" values at 293 K (g ║ = 2.1914; g ┴ = 2.0685) was registered. The anisotropic shape of the spectrum with g ║ > g ┴ indicates a compound with an axially distorted octahedral geometry. The g ║ and g ┴ values were > 2, corresponding to an axial symmetry with all main axes disposed parallelly. The fact that g ║ > g ┴ > 2.0023 supports a ground state of the Cu(II) ion with the unpaired electron in the d x 2 -y 2 orbital and from the ESR spectrum there results an octahedral stereochemistry tetragonally distorted by elongation. 25 The G parameter determined with the formula G = ((g ║ --2)/(g ┴ -2)) was less than 4 and, consequently, there is considerable interaction in the solid state in this complex.
Thermal analysis
The thermal decomposition of the synthesized complexes was studied in the air in the range 25-700 °C and the results are listed in Table III. For the Cu(II) and Ni(II) complexes with the H 2 L 2 ligand, lattice water was lost between 80-170 °C. All complexes underwent decomposition at high temperatures (t > 245 °C) and the HL 1 and H 2 L 2 ligands were eliminated in two stages. The stable residue at the final temperature (≈ 700 °C) contained CuO, NiO or Co 3 O 4 . The results obtained from the thermal analysis supported the molecular formulas assigned to the complexes.
The structural formulas assigned to the complexes are presented in Fig. 2 . 
Antibacterial activity
The antibacterial activity of the HL 1 , H 2 L 2 ligands and of their complexes were studied on the Gram-(+) bacteria Staphylococcus aureus and on the Gram-(-) bacteria Escherichia coli and Klebssiella pneumoniae. The experimental data expressed as the diameter of the inhibition zone (in mm) of bacterial growth by the tested compounds are presented in Table IV .
The results show that HL 1 and H 2 L 2 exhibited weak activity. The HL 1 ligand was slightly more active than the H 2 L 2 ligand. Against the three bacterial agents, the Cu(II)/HL 1 complex was more active than the HL 1 ligand, while the Ni(II)/HL 1 Table IV show that S. aureus was much more inhibited by the Cu(II)/HL 1 complex, giving the opportunity for its use in medical practice. The increased activity of the chelates can be explained based on theovertone concept and the Tweedy chelation theory. 26 According to the overtone concept of cell permeability, the lipid membrane surrounding the cell favours the passage of only lipid-soluble materials, which means that liposolubility is an important factor controlling antimicrobial activity. On chelation, the polarity of a metal ion is greatly reduced due to overlap with the ligand orbital and the partial sharing of its 
